Abstract: Past studies on respirator fit or performance have mostly been done for Whites or male subjects, and little attention has been paid to minorities and Asians. To fill this gap, this study was designed to provide facial anthropometric data for Koreans and to analyze the association between facial dimensions and respirator fit factors for three brands of quarter-mask respirators, two domestic and one imported brand, using a Portacount™ 8020. A total of 110 university student subjects, 70 males and 40 females volunteered for participation in the study. The results of this study showed that Korean males and females have different facial dimensions as compared with those of White males and females. Unexpectedly, the imported respirator performed better than the domestic respirators. Males were found to achieve better respirator fit than females regardless of respirator brands tested. The regression analysis found no common prognostic variables with the three respirator brands studied. A stepwise logistic regression analysis was conducted to find predictive facial dimensions with respirator fits. Some facial dimensions were found to be statistically significant, but these dimensions are different from the traditionally recommended facial dimensions of face length and lip width for quarter mask. To improve respirator fit for Koreans, these different facial characteristics need to be considered in the design of quarter mask respirators.
Introduction
The fit of tight-fitting, air-purifying respirators have been investigated in many studies by quantitatively measuring the amount of contaminants inside and outside of the facepiece, and then expressing the results as a quantitative fit factor (QNFFs) 1, 2) . The amount of protection provided by a given respirator, however, is influenced by its fit to the wearer's face. Face seal leakage has been known to be the largest component of the total inward leakage 2) . In designing the facepiece of a respirator, the facial dimensions selected for full facepiece respirators were face length and face width, and for half-and quarter mask respirators were facial length and lip width 3) . Previous studies on the seal of tight-fitting respirators to wearers' faces have focused mainly on White (Caucasian) males 4, 5) . A review of literature revealed that only a limited amount of research on other ethnic groups including Blacks, Hispanics, and Asians have been done [6] [7] [8] [9] . Some of these studies indicated that ethnic and racial groups were afforded a lower level of protection than Whites 9) and that these groups may have a significantly more difficult time obtaining an adequate fit with any given brand of respirator 10) . In Korea, two studies 1, 11) have been published comparing the performance of domestic respirators to those of imported ones. The domestic respirators selected were claimed as designed based on the facial characteristics of Korean workers. The performances of the domestic respirators, however, were reportedly inferior to those of imported respirators, contrary to manufacturers' assertions that they were engineered to fit Korean faces. Since no further investigations on these discrepancies were conducted, no exact causes of the differences were known although a number of possibilities were hypothesized. Currently, the respirator certification program in Korea does not require respirators to pass a fit test criterion for certification. Since domestic respirators are not being tested on a fit test panel, the adequacy of the facepiece design has never been demonstrated. Though periodic anthropometric surveys for Koreans 12) measure many different facial dimensions, facial dimensions known to be critical for respirator designs are not being measured.
Therefore, the purposes of this study were to collect crucial facial anthropometric data for Koreans, to compare performances of the domestic and the imported respirators, to find relationship between facial dimensions and quantitative fit factors, and to select common prognostic facial variables. The findings of this study will be of value for providing anthropometric data and for designing improved fitting respirator facepieces for Korean workers.
Materials and Methods

Subjects and respirators selected
A total of 110 volunteer subjects, 70 male and 40 female university students were used in the study. Only those persons who visually showed no facial deformities or scars, or that didn't wear dentures were selected for the subject pool.
The three brands of air-purifying quarter mask respirators most widely used in Korea were selected for study; Two of the brands were domestic the SK-6 and YS-2010 respirators, and one brand was an imported respirator the 3M-7500. All respirators were of medium size. The filter of each mask was replaced with a high efficiency particulate filter (3M-7225) for fit testing. Facepieces of all three respirators were made from silicon rubber.
Quantitative fit testing apparatus and procedures
Fit tester: The fit testing instrument used for the study was a PortaCount™ 8020, a condensation nuclei counter (TSI Inc., St. Paul, MN, USA). The instrument was connected to a personal computer for collecting and handling of data. Air samples were taken from inside the respirator and from outside the respirator. Though the instrument can measure ambient aerosol concentrations from 0.01 to 5 times 10 5 particles/cc, it is recommended to maintain the concentration more than 2,000 particles/cc during fit testing. If the concentration is below the recommended limit, then either the instrument needs to be relocated or alcohol needs to be refilled for proper measurement.
Test protocol: Each respirator was quantitatively fit tested by each subject according to the protocol written in the OSHA regulation 29 CFR 1910.134 17) . The filter of each respirator was replaced by an N100 filter (3M Company) for fit testing. An in-mask sampling probe was located 5.0 mm from the inside surface of the facepiece, which was located about 10-15 mm from the subject's mouth 13, 14) . Before fit testing, male subjects were asked to shave and to quit smoking at least an hour before the actual test run in order to reduce any bias from tobacco aerosols 15) . In addition, after becoming familiarized with the use of the respirators and test procedures, both positive and negative fit checks, were conducted to all subjects to check if the respirator was properly adjusted to the face 16) . After checking fits and adjustment, subjects were asked about any leakages into the respirator. If any leakages were sensed, then a set of wearing procedure and fit checks were tried again to correct the leakage. During fit testing, subjects were asked to perform six exercise/breathing patterns during the fit test. The protocol, recommended by OSHA 17) (OSHA 29 CFR 1910.134), consisted of the following six tasks, each lasting for 80 seconds; (1) normal breathing, (2) deep breathing, (3) movement of the head (4) reading of "The Rainbow Passage", (5) jogging, and (6) normal breathing.
Measurement of facial dimensions
Facial dimensions measured for the study included twelve (12) dimensions as shown in Fig. 1 . These dimensions have been shown to closely related to the performance of quarter and half mask respirators 5, 9) . To reduce interpersonal variations facial anthropometric data were collected by one person, who was trained for facial dimension measurements from the Anthropology Research Project, Inc., (Yellow Springs, OH 45387, USA). All measurements were made in milimeters to one decimal point using a sliding caliper (No. 104, Siber Hegner), a spreading caliper (No. 106, Siber Hegner), and a measuring tape.
Statistical analysis
We used a computer program (SAS version 6.12) for all statistical analysis. For presenting and analyzing facial anthropometric data, descriptive statistics were calculated. Student's t-test was used to determine if there was any gender difference. Facial dimension data were compared with those from other studies using ANOVA and Dunnett's multiple comparison tests. The difference in fit factor levels attributable to the brand of respirator was tested by Chisquare test. The correlation between the log-transformed fit factors (LNFF) and the facial dimensions was analyzed using Pearson's correlation analysis. To determine if any of the variance in the LNFF data could be explained by the facial data, a best subset regression analysis was used to select common prognostic variables. To find the most predictable model, logistic regression analyses were performed after classifying the group using the fit factor of 100 as a pass/fail criterion. A significant level of 0.05 was used for all statistical tests.
Results
Results of facial anthropometric measurements
The results of facial anthropometric measurements for all 110 subjects are summarized by gender in Table 1 . Since the distributions of these facial dimensions did not differ significantly from normal distributions, the results were summarized with means and standard deviations. All facial dimensions measured except nasal root breadth were significantly different between genders (p<0.001).
In this study, the female facial dimensions average 92.5 percent (range 88.9%-100%) of comparable male dimensions. The most prominent difference among the facial dimensions measured between genders was found in the subnasale-nasion length (88.9%). Table 2 compares some of the facial dimensions measured in this study with previously published data in Korea and in other countries. The results of facial length dimensions measured in this study were generally similar to those reported in other Korean studies 1, 12) . However, most facial dimensions measured on this Korean population 1, 12) were found to be significantly different from corresponding dimensions in other Caucasian ethnic groups 4, [8] [9] [10] [18] [19] [20] including face width, lip width, nose width, and nasal root breadth. These comparisons revealed that, regardless of *All measurements for males were significantly higher than those of for females (p<0.001) by two sample t-test except NRBR.
Fig. 1. Facial dimensions measured
gender, Koreans generally have a significantly wider face width and nose breadth and relatively narrower lip width than those of Caucasians and Australians. Nasal root breadth was also significantly narrower in Koreans. Figure 2 shows a plot of the dispersion of all test subjects according to their face length and lip width relative to the Los Alamos half facepiece respirator test panel 21) and the Korean respirator test panel developed by Han 22) . All subjects except a male and a female used in the study were well within the two grids. Although no male subject fell into the bottomright grid of the Korean test panel, the subjects for this study were considered as not much different from the general working population. Table 3 shows the pass/fail outcome of quantitative fit tests by subject gender and respirator brand. Subjects achieving a quantitative fit factor greater than 10 were classified as "passing" having an acceptable fit as defined by ANSI 23) . Subjects achieving a quantitative fit factor less than 10 were classified as "failing". Recently, the revised OSHA regulation 17) stated that if the fit factor was equal to or greater than 100 for tight-fitting half facepieces, the fit test has been passed with that respirator. No specification, however, was provided for the minimum fit factor for quarter masks. In ANSI Z88.2 23) , it specifies that for negativepressure respirators a minimally acceptable quantitative fit factor should be 10 times the assigned protection factor (APF) of the respirator 23) . For quarter masks, the standard has established an APF of 10 and therefore implies that quantitative fit factors of at least 100 should be obtained to demonstrate acceptable fit. Based upon these ANSI and OSHA specifications, the pass group was further categorized into two groups using the fit factor of 100 as a cut-off criterion. In Table 4 , descriptive statistics of fit factors obtained from the respirators were summarized. The chi-square test was utilized to determine if the proportions of quantitative fit tests classified as a pass were different by brand and gender. As shown in Tables 3 and 4 , female subjects received significantly lower proportion of "passing" quantitative fit tests than males. The 3M-7500 respirator obtained the highest proportion of quantitative fit factors greater than 100 with 77.1 percent. The two domestic brands (SK-6 and YS-2010) had very low pass rates with 30 and 56 percent, respectively. If we consider a fit factor greater than 10 as an acceptable fit as defined by ANSI 23) , then between 83 to 95 percent of subjects received an acceptable fit for the respirators tested, even though only a medium size, quarter mask respirator for each brand was evaluated. A significant difference was found among the three respirator brands (p<0.05).
Correlation analysis
Pearson's correlation analyses were conducted between facial dimensions and LNFF to determine if a relationship existed by gender and by brand. Table 5 shows the correlation matrices for both genders. No significant correlation was found in males between facial dimensions and LNFF for the three brands and size of respirator tested.
In females, however, bitragion-subnasale arc was significantly correlated with LNFFs for all three brands of respirator. Biectoorbitale breadth and bitragion-menton arc also had significant correlation coefficients for the YS and 3M brand of respirators, while bigonial breadth and mentonsubnasale length were significantly correlated with only the 3M brand respirator.
In this study, many facial dimensions including biectoorbitale breadth, biocular breadth, bigonial breadth, bitragion-menton arc, and bitragion-subnasale arc were highly correlated with other facial dimensions. Therefore, these correlations imply that these facial dimensions were not mutually exclusive and multicollinearity between facial dimensions may exist.
Regression analysis
A best subset regression analysis between LNFF and facial dimensions was performed to select the most predictive facial dimensions on respirator fit. In this method, a heuristic algorithm was used to select the facial dimensions that result in the highest adjusted R 2 value for the regression model. The results are summarized in Table 6 . The results indicated that no common dimensions were found for all three respirators studied. In males, the adjusted R 2 was less than 0.07 for all three respirators brands while they ranged from 0.20 to 0.52 in females. The adjusted R 2 for all subjects regardless of gender ranged from 0.13-0.22. More specifically, for females, the adjusted R 2 was 0.20 for the SK brand, 0.30 for the YS brand, and 0.52 for 3M brand, respectively. For males, adjusted R 2 ranged from 0.02 to 0.07 with no statistical significance. As the subject subset becomes more specific, the predictive ability of the model seems to become greater for females than for males.
Logistic regression analysis
In this study, to determine those facial dimensions that were good predictors of respirator fit, logistic regression analyses were performed using the individual facial dimensions for all subjects and gender sub-groups. The dependent variable was a two level, categorical variable (subjects who had measured fit factor equal to or greater than 100 and fit factor less than 100) and the independent variables were facial dimensions. For the most efficient model, the program selected independent variables in a forward stepwise fashion until a model was defined as having the maximum efficiency with the smallest number of variables. Given a set of facial dimensions, the models predicted the appropriate fit factor category for each subject. The predicted categories were then compared to the actual categories by 2 × 2 classification tables. The table formats and indexes are shown in Fig. 3 . The results of logistic regression analysis were summarized in Tables 7 and 8 . In females, the most efficient model appeared in YS-2010 respirator model which had 80% of both sensitivity and specificity, and 80% of efficiency. However, in males, 3M-7500 respirator model gave 73.3% of sensitivity and 55.6% of specificity, and 71% of efficiency.
As shown in Table 8 , bizygomatic breadth, mentonsubnasale length, and biocular breadth affected the degree of fitness in both males and females for 3M-7500 respirator model. Among those dimensions, menton-subnasale length was the significant factor in both gender and bizygomatic breadth had opposite signs in each gender. For YS-2010 respirator model that was the most efficient model in females, biectoorbitale breadth, subnasale-nasion length, and lip width were significant facial dimensions and no common dimensions were shown in both genders. For SK-6 respirator model, bitragion-subnasale arc was the only significant facial dimension in both genders.
Discussion
Facial anthropometric values for respirator design, such as facial length and width for full-face respirators and facial length and lip width for half-and quarter masks, have been selected from the results of the facial measurements made on military personnel 3) . But several studies 4, 5, 10) have reported that the facial dimensions used for half mask design showed no relationship to the fit performance of half masks. Confounding the problem is the fact that the data were originated mainly from military personnel, where variability in terms of age, weight, and height might have been much less than that of civilians. In addition, past studies on respirator fit and anthropometric studies had focused on Whites, the results may not be applicable to Koreans or Asians.
Analysis of the results obtained in this study found significant differences between females and males in the 12 facial dimensions measured except for nasal root. Gender differences in facial dimensions have also been found in studies on American populations. Brazile et al. 9) found that, in Americans, facial dimensions were significantly different between males and females except for biocular breadth and nasal root breadth (p=0.0001).
For each dimension evaluated in this study, the ratio of female to male (% difference female/male) was over 90% except the subnasale-nasion length with 88.9%. This finding is very similar to those published results obtained from American 10) . From these findings, the statement that female body measurements average 92 percent of male body measurements can be applicable to Koreans, too.
Using the results of this and previously published studies, a comparison was made for facial dimensions and shapes among ethnic groups. Significant differences were found in facial dimensions including face width, face length, lip width, nose width, and nasal root breadth. These findings support the proposition that facial dimensions between ethnic groups are different, particularly between Caucasians and Asians, and imply that when designing the facepiece of a respirator, these differences should be taken into considerations. Brazile et al. 9) also reported a significant difference in facial dimensions among racial or ethnic groups. Among Australians, depending upon his/her birth place, such dimensions as bitragion and interpupillary breadth have been reported to be significantly different 20) . In Koreans and Japanese among Asians, most facial dimensions showed statistically significant difference including face width, lip width, face length, nasal root breadth, nose width, mentonsubnasal length, and subnasale-nasion length 12) . In this study, to compare the performances of domestic and imported quarter masks, the respirator fit test panel developed for Koreans by Han 21) was used. Although no male subject having the facial size that fits in the bottomright grid of the Korean test panel was selected, the subjects for this study were considered as not much different from the general working population.
The results of fit testing indicated that, if a quantitative the fit factor cut-off criterion of 10 is used, as proposed by ANSI 23) , the highest rate of quantitative fit test passes was achieved with the 3M brand respirator at 94.5%, followed by the two domestic respirator brands with 86.3% from the SK and 84.6% from the YS. This finding was very similar to those of Gross and Horstman 10) . Although their findings were based on half-masks, they found that when any two brands (in multiple size) of half-mask respirators were available, 95 percent of both men and women could be safely fitted. When only one brand of respirator was available, between 71 to 95 percent of the people obtained acceptable fit. They also noted that fit for women was found to vary considerably depending on brand type. Their ranges of acceptable fit by brand were 71 to 89 percent. The results of this study also showed that the performances of domestic brand respirators, advertised as designed for Korean workers, were inferior to that of the imported one. The causes of the problem may be attributed to either the inadequacy of the respirator certification program in Korea where no requirement for fit testing has been specified and no fit test panel was established, or improper design of respirators for Koreans.
Recently, several developments in the respirator certification program in Korea have been taken place. The Korea Occupational Safety and Health Agency (KOSHA), which is the only authorized respirator certification agency in Korea, recognized deficiencies in their program and thus revised it such that face seal leakage testing is mandatory 24) . In addition, Han 22) , applying the procedures used to develop test panels in America 3, 25) , developed Korean fit test panels for full-facepieces, and half and quarter masks containing 25 male and female subjects and 16 male subjects. Therefore, in the future, the performances of domestic respirators can and will be improved if respirators submitted for certification undergo these fit-testing requirements.
The results of correlation analysis between facial dimensions and log-transformed fit factors (LNFF) found no statistical significance among males. This finding is similar to those of previous studies that found no correlation between fit factors and facial dimensions for White Americans 9, 10) . Liau et al. 4) also evaluated the relationship of facial dimensions on LNFF results and found no strong associations.
In addition, such facial dimensions as biectoorbitale breadth, biocular breadth, bigonial breadth, bitragion-menton arc, and bitragion-subnasale arc were highly correlated with other facial dimensions. These correlations imply that the facial dimensions were not mutually exclusive and multicollinearity between facial dimensions may exist. A Similar finding was published previously 8) . This limits the interpretation of individual variables in the regression and logistic regression analyses. Because of these characteristics among facial dimensions, when interpreting their multivariate models, Oestenstad and Perkins 8) cautioned that facial dimensions not included in the models should not be interpreted as being unrelated to fit.
From the analysis of facial dimensions that can be used to predict fit factors, it was found that the adjusted coefficients of determination were less than 7% in males and 20 to 52% in females. This finding suggests that the predictability of facial dimensions for females on fit factors was greater than that for males. The results of Oestenstad and Perkins 8) who investigated the prediction of fit factors based on facial dimensions showed that the predictability became greater as the population subset became more specific in terms of race and gender.
A logistic regression analysis was performed for two groups; one with the fit factor greater than 100 and the other with fit factors less than 100. Facial dimensions were used as the independent variables. The results of this analysis showed that the predictive facial dimension was mentonsubnasale (efficiency=72.5%) for males while they were menton-subnasale and biocular breadth (efficiency=72.5%) for females in 3M respirators. For SK-6 respirator, bitragionsubnasale arc (efficiency=61.4% for males and 76.9% for females) was the predictive facial dimension for both male and female subjects. Although no predictive facial dimension for males for YS-2010 was found, such facial dimensions as biectoorbitale breadth, subnasale-nasion length, and lip width (efficiency=80.0%) for females were found. Thus, a highly predictive model of respirator fit would have high sensitivity, specificity, and efficiency values and low false positive and false negative values. The indexes of greatest interest in predicting respirator fit were false positive and efficiency 8) . In this analysis, the values of false positive ranged from 8.3 to 77.8% and for efficiency it ranged from 51.4 to 80.0%. Oestenstad and Perkins 8) reported that their false positive values ranged from 0 to 9% while the efficiencies ranged from 79 to 100%. The results of this study for Koreans showed much higher false positive values and lower efficiency values. In addition, those values of sensitivity, specificity, and efficiency obtained from this study were significantly different from those of Oestenstad and Perkins 8) . The difference may be attributable to ethnic origins of subjects used. If that is true it may imply that these respirators were designed without considering facial characteristics of Koreans. Among three respirator brands tested, the YS (false positive 29.4% and efficiency 80%) showed the highest values of sensitivity, specificity, and efficiency and the lowest values of false positive and false negative in females. Among males, however, no facial dimensions were selected as predictive for respirator fit. This finding also suggests that there is an urgent need for designing respirators using those characteristic facial variables for Koreans.
Although the usefulness of this study is limited by the facts that only one size of respirator was assigned and the facial dimensions of test subjects were not evenly distributed in the test panel, this study provided facial anthropometric data of Koreans that can be utilized in designing suitable respirators for Koreans. Based on the varying degrees of fit testing performance of the respirators, it is recommended that the respirator manufacturers in Korea should further investigate what causes the problems, and the respirator certification agency should consider establishment of representative Korean test panels for face seal leakage test in the future. Since the facial dimensions that have traditionally been used for designing quarter and half-mask design, i.e. face length and lip width, were not prognostic variables for Koreans, those facial width and length variables found in this study should be considered in designing respirators for their effectiveness and efficiency for Koreans. Further research is needed to find suitability of these facial dimensions for respirator design.
